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Geothermal  energy  is  becoming  an  attractive  option  for  supplying  the  world  with  clean  and  sustainable 
energy.  One  of  the  highlighted  issues  in  utilising  the  energy  from  geothermal  systems  is  removal  of 
non-condensable  gases  (NCGs)  from  geothermal  waters.  This  paper  discusses  and  reviews  existing 
technologies  for  removing  NCG  with  emphasis  on  their  energy  requirements  further  the  possibility  is 
investigated  of  using  two-phase  ejectors  (also  known  as  eductors)  to  remove  NCGs  from  geothermal 
waters.  Energy  analysis  of  isothermal  and  adiabatic  vacuum  processes  for  removing  non-condensable 
gases  by  an  ideal  vacuum  machine  are  presented  and  later  compared  with  the  measured  performance 
and  with  the  energy  consumption  of  commercial  vacuum  pumps  and  eductors.  Advantages  of  removal 
of  NCG  using  a  passive  method  employing  eductors  and  the  prospect  of  improving  the  efficiency  of 
these  devices  are  also  presented.  Based  on  the  experimental  data,  it  is  shown  that  eductors  offer  a 
sustainable  alternative  for  NCGs  removal  from  geothermal  waters. 
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1.  Introduction 

Geothermal  fluids  contain  non-condensable  gases  (NCGs)  in 
various  quantities.  NCGs  may  have  significant  impact  on  the 
performance  of  power  generation  systems  which  use  geothermal 
waters.  In  the  situation  where  geothermal  water  is  used  as  the 
working  fluid  in  an  expander  for  power  generation  [1],  NCGs 
present  in  water  can  increase  the  pressure  in  the  condenser  and 
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Nomenclature 

A  surface  area  (m2) 

D  diameter  (m) 

/  current  (amp) 

L  length  [m] 

m  mass  (kg) 

m  mass  flow  rate  (kg/s) 

P  pressure  (N/m2) 

W  power  (W) 

R  specific  gas  constant  (J /kg  K) 

SEC  specific  energy  consumption  (J/kg) 

f  time  (s) 

T  temperature  (°C) 

v  velocity  (m/s) 

V  voltage  (Volts) 

V  volume  flow  rate  (m3/s) 

w  specific  energy  (J/kg) 

W  work  (J) 

x  distance  (m) 


p  density  (kg/m3) 

a  eductor  characteristic  constant 

y  adiabatic  index 

)/  efficiency 

Subscripts 


adia 

adiabatic 

atm 

atmosphere 

e 

exit 

/ 

final 

i 

initial 

in 

input 

iso 

isothermal 

/ 

liquid 

mf 

motive  fluid 

r 

relative 

s 

suction 

therefore  decrease  the  thermodynamic  efficiency  of  the  power 
generator. 

Depending  on  the  source,  the  fraction  of  the  NCGs  in  geothermal 
water  can  vary  from  less  than  0.2%  by  mass  to  greater  than  12%  by 
mass  [2],  It  is  important  that  the  selected  NCG  removal  process  is 
appropriate  to  the  concentration  of  NCG  in  the  source  as  the 
removal  process  uses  a  large  amount  of  auxiliary  power  [3].  By 
using  an  appropriate  NCG  removal  process  the  overall  performance 
of  the  power  plant  can  be  improved  [4]. 

The  common  NCGs  present  in  geothermal  water  are  a  mixture 
of  C02,  H2S,  H2,  Hg,  NH3  and  CH4  [5].  The  most  prevalent  gas  is 
carbon  dioxide  constituting  approximately  95%  by  weight  of  the 
mixture  [3], 

The  following  are  some  of  the  NCG  removal  methods  used  in 
industrial  processes: 

1.  Extraction  using  commercially  available  vacuum  pumps  [6]. 

2.  Steam  ejectors  used  in  order  to  create  a  vacuum  which  assists 

in  the  removal  of  NCGs  [8]. 

3.  Not  allowing  NCGs  to  enter  the  system:  this  can  be  achieved  by 

degasification  of  the  source  fluid  before  it  enters  the  system  [9]; 

a.  Degasification  by  pressure  reduction,  as  the  quantity  of  a 
dissolved  gas  in  a  liquid  is  proportional  to  its  partial 
pressure. 

b.  Degasification  by  temperature  increase.  In  some  cases, 
however,  the  solvent  and/or  the  solute  decompose  react 
with  each  other,  or  evaporate  at  high  temperature  and  the 
rate  of  removal  is  less  controllable. 

Angulo  et  al.  have  been  working  on  removal  of  NCG  from  flash 
geothermal  steam.  They  have  considered  condensation  and  re¬ 
evaporation  of  the  steam  in  a  heat  exchanger,  upstream  of  a 
power  plant  [3].  The  main  component  of  their  system  was  a 
vertical  shell  and  tube  heat  exchanger  with  50  titanium  tubes. 
Steam  was  fed  into  the  shell  side  of  the  heat  exchanger.  This 
flowed  upwards  and  most  of  the  steam  condensed  on  the  walls  of 
the  tubes.  The  non-condensable  gases,  together  with  a  small 
amount  of  steam,  were  vented  through  a  purge  line  located  at 
the  upper  part  of  the  shell.  The  condensate  flowed  into  a  transfer 
tank,  which  acted  as  a  steam  seal,  and  finally,  into  a  storage  tank, 
operated  at  a  lower  pressure  than  the  shell  side.  In  this  way,  a 
temperature  difference  was  created  between  the  incoming  steam 


and  the  stored  condensate.  From  the  bottom  of  the  storage  tank,  a 
pump  transferred  condensate  to  the  flood  box,  from  which  it 
flowed  inside  the  tubes.  The  latent  heat  of  the  incoming  steam 
was  transferred,  causing  a  portion  of  the  condensate  to  be 
evaporated,  thus  producing  steam  with  a  low  gas  content  that 
was  discharged  at  the  upper  part  of  the  storage  tank.  The  nominal 
capacity  of  their  equipment  was  0.4  t  per  hour  of  steam  which 
resulted  in  achievement  of  a  mean  value  of  94%  for  gas  removal 
efficiency  by  their  system.  They  also  found  that  non-condensable 
gas  removal  efficiency  was  found  to  depend  on  the  fraction  of 
steam  vented  with  the  non-condensable  gases  [3]. 

Yildirim  Ozcan  and  Gokcen  have  studied  the  net  power  output 
and  specific  steam  consumption  of  a  single-flash  geothermal  power 
plant  which  depended  on  the  separator  pressure,  NCG  fraction  and 
wet  bulb  temperature  of  the  environment.  Three  different  conven¬ 
tional  gas  removal  options  were  considered,  which  were  a  two-stage 
steam  jet  ejector  system,  a  two-stage  hybrid  system  and  a  two-stage 
compressor  system.  They  found  that  increasing  the  NCG  fraction 
decreases,  by  different  amounts,  the  net  power  output  for  each 
option  regardless  of  separator  pressure.  It  was  concluded  that  in 
relation  to  sensitivity  of  geothermal  power  plant  performance  to  the 
NCG  fraction,  the  compressor  system  is  the  most  efficient  and  robust 
system  where  the  influence  of  the  NCG  fraction  is  limited.  On  the 
other  hand,  steam  jet  ejectors  are  highly  affected  by  increasing  NCG 
fraction  since  the  driving  steam  flow  rate  to  the  steam  jet  ejectors  is 
directly  related  to  NCG  fraction  [4]. 

Michaelides  has  investigated  influence  of  non-condensable 
gases  on  turbine  work,  turbine  efficiency  and  extraction  work. 
For  his  study,  as  carbon  dioxide  constituted  the  major  fraction  of 
the  non-condensable  gases  with  its  concentration  always  more 
than  85%,  he  assumed  that  the  mass  of  non-condensable  gases 
can  be  replaced  by  an  equivalent  mass-fraction  of  C02.  Therefore, 
he  assumed  that  an  ideal  gaseous  mixture  of  C02  and  steam 
enters  the  turbine.  He  concluded  that  the  presence  of  non¬ 
condensable  gases  in  geothermal  steam  power  plants  has  an 
adverse  effect  on  the  net  work  produced.  This  is  attributed  both 
to  the  decrease  of  the  turbine  work  and  to  the  power  supplied  to 
the  gas-extraction  equipment.  In  his  study,  liquid  brine  is  sup¬ 
plied  to  a  primary  flashing  chamber  where  a  small  reduction  of 
pressure  releases  most  of  the  C02  and  some  steam.  This  mixture 
passes  through  an  atmospheric  turbine  and  is  vented  to  the 
surroundings.  The  remaining  brine,  free  of  most  of  the  C02,  is 
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flashed  and  supplies  a  condensing  turbine  with  steam  containing 
a  only  small  amount  of  C02.  He  showed  that  with  a  mass  fraction 
of  0.2  of  C02t  50%  more  work  is  needed  compared  to  a  conven¬ 
tional  dual-flash  system  [5], 

In  this  paper  a  liquid  water  ejector  is  investigated  for  achieving 
vacuum  removal  of  NCGs  as  an  alternative  to  using  conventional 
vacuum  pumps  or  steam  ejectors.  The  main  motivation  for 
investigating  a  water  ejector  is  that  it  is  passive  in  operation 
(i.e.  no  moving  parts)  has  low  cost  and  is  easy  to  maintain.  As  this 
type  of  vacuum  device  requires  a  continuous  water  flow,  it  could 
be  used  in  a  system  which  also  uses  water  cooled  condensers  [10]. 
This  would  eliminate  the  need  for  additional  pumps. 

Ejectors  are  a  very  simple  and  practical  solution  to  many 
pumping  problems  in  various  industries  worldwide  and  typically 
their  range  of  application  is  overlooked.  They  can  be  used  alone  or 
in  multiple  stages  to  create  a  range  of  vacuum  conditions  as  well 
as  being  operated  in  transfer  and  mixing  functions  [11].  They  are 
most  commonly  used  to  pump  gases  and  vapours  out  of  confined 
spaces  in  order  to  lower  the  pressure  below  ambient  pressure. 
The  simplicity  and  the  passivity  of  these  vacuum  systems  make 
the  use  of  this  device  highly  desirable  in  order  to  increase  the 
viability  of  sustainable  vacuum  processes  for  removing  NCGs. 

There  have  been  many  studies  on  liquid-to-liquid  ejectors  and 
steam  jet  ejectors,  but  few  on  ejectors  where  the  motive  fluid  is 
water  and  suction  fluid  is  gas  and  which  are  usually  termed 
eductors  [11  ].  An  experimental  feasibility  study  on  using  eductors 
to  remove  NCGs  has  been  done  by  Anna  Khaghani  et  al.  [12].  This 
paper  further  investigates  the  performance  of  commercially 
available  eductors  and  compares  it  with  that  of  commercial 
available  vacuum  pumps. 


2.  Theoretical  analysis  and  calculation  of  minimum  energy 
required  to  remove  and  exhaust  NCG 

In  this  section  attempts  are  made  to  calculate  the  theoretical 
minimum  energy  required  to  remove  non-condensable  gases 
from  geothermal  systems.  Here  the  theoretical  minimum  specific 
energy  consumption  (J/kg)  for  this  degassing  process  is  calculated 
by  considering  the  thermodynamic  processes  involved  (adiabatic 
or  isothermal),  the  pressure  and  temperature  of  the  geothermal 
system  and  the  atmospheric  pressure  to  which  the  NCGs  are 
exhausted.  The  required  theoretical  minimum  specific  energy 
consumption  is  subsequently  used  as  a  benchmark  to  compare 
available  vacuum  systems  from  the  points  of  performance  and 
sustainability. 

Clearly  the  system  with  lowest  specific  energy  consump¬ 
tion  will  be  the  most  desirable  in  terms  of  environmental 
sustainability. 


2.3.  Ideal  vacuum  machine 

The  vacuum  process  can  be  idealised  as  increasing  the  pres¬ 
sure  of  the  extracted  gas  from  a  lower  pressure  (Ptank)  to  atmo¬ 
spheric  pressure  (Patm)  by  using  a  piston  and  cylinder  device  as 
shown  in  Fig.  1  [7[. 

If  we  consider  the  vacuum  process  as  seen  in  the  P-V  diagram 
in  Fig.  2,  the  work  done  to  push  1  kg  of  air  from  the  tank  at  a 
pressure  of  Ptank  to  atmospheric  pressure,  Patm.  can  be  calculated 
as  below  [8] 

Wl-2=  /  ( p-ptmk)Adx=  [  (p— Ptank)  dV  (1) 

J  X\  JVi 

In  which  W,_2  is  the  work  done  to  pull  the  piston  from 
position  Xi  to  position  X2  and  A  is  the  area  of  the  piston. 


Fig.  2.  P-V  diagram  for  isothermal  and  adiabatic  vacuum  process. 


Assuming  that  the  air  is  an  ideal  gas  and  that  the  process  is 
isothermal  [8] 

PV  =  mRT  =  constant  (2) 

The  work  done  in  this  isothermal  process  can  be  written 
:  mPPtan  k , 


IV,— 2  = 


rV2 

'v, 


V 


dV  -Ptan  k('/2-Vl )  =  mPTtan  k  In 


-fltan k(V2-V-l)  =  mRTtank  In 


-pf; 


(mRT  tank  mRT  tan  k 
\  P2  P, 


=  ntPTta„k(ln(g)-^  +  ^)  (3) 

By  assuming  P,  =Ptank  and  P2=Patm,  the  work  required 
becomes 

W^2  =  mRTtmk(\n(P^)+\-P^A  (J)  (4) 

\  \  1  atm  J  1  atm  J 

In  addition,  there  will  be  extra  work  needed  to  push  the 
compressed  air  out  of  the  cylinder  and  into  the  atmosphere.  For 
an  isothermal  process,  this  is  shown  as  W2_3 

W2_3  =  mRTtmk(P^--l)  0)  (5) 

V  1  atm  J 

By  combining  Eqs.  (4)  and  (5)  the  total  work  done  in  the 
process  becomes 

Wb0  =  mRTtmk\n(^)  (j)  (6) 

V  1  atm  J 

Therefore,  the  specific  work  needed  to  extract  unit  mass  of  air 
from  tank  pressure  (Pt mk)  and  deliver  it  to  the  atmospheric  in  an 
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isothermal  process  can  be  calculated  as 

Wise  =  ^  =  RTtm  k  \n(P^k)  (I/kg)  (7) 

'»*  \  1  atm  J 


The  change  of  the  specific  work  with  respect  to  the  tank 
pressure  (Ptank)  can  be  written  as 


dWiso  _PT  (  1 

rlP  ,  tan  k  1  p 
tan  k  V  tan 


(8) 


•  o 

In  Eq.  (14),  V  is  the  volume  flow  rate  of  water  in  m  /s  as  a 
primary  fluid  and  A P  is  the  pressure  difference  across  the  eductor 
in  Pa.  Also  i/pump  refers  to  the  mechanical  efficiency  of  the  pump 
and  t/moror  corresponds  to  the  electrical  efficiency  of  the  pump 
motor.  These  efficiencies  are  in  the  order  of  60%  and  80%, 
respectively.  In  the  present  analysis,  a  combined  efficiency  of 
50%  is  considered  for  the  water  pump  (i.e.  motor  and  pump 
combined). 


A  similar  derivation  can  be  made  for  the  case  of  adiabatic 
compression.  However,  as  shown  in  Fig.  2  the  isothermal  process 
offers  a  lower  work  requirement  for  extracting  unit  mass  of  air 
from  a  tank  and  raising  its  pressure  in  order  to  deliver  it  to  the 
atmospheric. 

Accordingly,  Eq.  (7)  is  used  to  calculate  the  minimum  energy 
required  in  the  vacuum  process  and  it  is  also  used  to  calculate  the 
efficiency  of  the  vacuum  devices  considered  in  this  research, 
including  eductors  and  vacuum  pumps. 

To  complete  the  picture  the  thermodynamics  of  an  adiabatic 
process  instead  of  isothermal  can  be  also  considered  as  [8] 

PV7,  =  constant  (9) 


Considering  this  process,  the  work  needed  to  change  the 
pressure  of  1  kg  of  NCG  from  Ptank  to  Patm  can  be  calculated  as 


Wadia  —  PPatm 


(Patm/Ptan  k)  ^  ~ 7 

T3y 


As  represented  schematically  in  Fig.  2,  the  adiabatic  process  of 
gas  removal  would  require  more  work.  The  required  theoretical 
power  for  these  processes  is 

Power  =  wiso/adia^-  (11) 

The  theoretical  power  required  for  gas  removal  can  be  calcu¬ 
lated  by  multiplying  the  desired  mass  flow  rate  of  the  gas  [m, 
(kg/s)]  and  the  specific  energy  given  by  Eq.  (7) 


2.2.  Ejectors 


A  single-stage  ejector  (sometimes  also  known  as  an  eductor  or 
jet  pump)  in  its  most  basic  form  contains  an  actuating  nozzle, 
suction  chamber  and  a  diffuser  as  shown  in  Fig.  3.  The  primary 
fluid  (which  can  be  liquid,  vapour  or  another  gas)  flows  through  a 
tube  which  converges  to  a  driving  nozzle  making  the  fluid 
accelerate  and  decrease  in  pressure  due  to  the  venturi  effect 
[13].  Upon  exiting  the  driving  nozzle,  the  fluid  is  at  a  high  velocity 
and  a  very  low  pressure  and  it  entrains  the  stagnant  secondary 
fluid  into  its  flow  within  the  suction  chamber. 

The  mixture  of  primary  and  secondary  fluids  is  then  acceler¬ 
ated  into  the  converging  section  of  the  ejector  due  to  the 
rapid  increase  in  velocity  as  the  pressure  decreases.  As  the 
mixture  travels  through  the  diffuser  its  pressure  rises  as  the 
cross-sectional  area  increases  and  the  velocity  consequently 
decreases  [14]. 

The  basic  concept  for  an  eductor  involves  taking  a  high- 
pressure  motive  fluid  and  accelerating  it  through  a  tapered 
nozzle.  This  fluid  then  enters  a  secondary  chamber  where  friction 
force  between  the  molecules  of  it  and  a  secondary  fluid  (gas) 
causes  this  secondary  fluid  to  be  entrained.  These  fluids  are 
intimately  mixed  together  and  discharged  from  the  eductor  [15]. 

As  Pi,  Ps  and  iq  are  known  for  a  specific  situation;  the  velocity 
of  fluid  exiting  the  active  nozzle  v2  can  be  calculated  using  the 
Bernoulli  equation: 


h.  4_  V1  -  +  V1 

Pi  2  p, +  2 


(15) 


W, 


min  tmum  - 


(12)  also 


Eq.  (12)  represents  the  minimum  power  required  for  the 
vacuum  process. 

As  will  be  shown  later,  in  practice,  the  energies  consumed  by 
eductors  and  by  vacuum  pumps  are  substantially  greater.  One  of 
the  main  purposes  of  the  present  paper  is  to  compare  the 
efficiencies  of  eductors  and  vacuum  pumps  in  removing  NCGs 
from  geothermal  waters  against  a  benchmark  of  the  theoretical 
power  calculated  in  Eq.  (12). 

For  this  purpose,  the  efficiency  of  the  actual  vacuum  process 
can  be  defined 

electric  power 

’tactual  =  - i -  (13) 

m  x  wiso 

In  Eq.  (13),  the  numerator  (electric  power)  is  the  electrical 
power  consumed  by  the  motor  in  the  case  of  a  vacuum  pump 
(/  x  V)  or  the  electrical  power  required  by  the  motor  driven  pump 
used  to  creating  the  pressure  difference  in  the  case  of  an  eductor 
(see  Section  2.2). 

The  power  required  by  a  conventional  vacuum  machine  is 
usually  provided  in  the  supplier’s  specifications  and  can  also  be 
calculated  by  multiplying  the  measured  values  of  electrical 
current  and  voltage.  For  the  case  of  an  educator,  the  pump  power 
can  be  defined  as 


o  VAP 

Pump  power  = - - 

’l pump  x  ’l motor 


(14) 


(16) 


Using  the  above  equations,  Eq.  (15)  can  be  written  as 


Pl-Ps 


(17) 


(18) 
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where  Dr  and  D2  are  the  inlet  diameter  of  eductor  and  exit 
diameter  of  the  nozzle,  respectively,  and  A ^  and  A2  are  the 
corresponding  cross-sectional  areas. 

Knowing  the  geometric  parameters  Di  and  D2,  Eq.  (18) 
provides  a  basis  from  which  the  minimum  suction  pressure  (Ps) 
can  be  calculated  for  any  given  upstream  pressure  and  volumetric 
flow  rate  of  the  primary  fluid. 

The  power  consumed  by  the  eductor  can  be  calculated  by 
knowing  the  pressure  of  the  primary  fluid  (upstream),  its  volu¬ 
metric  flow  rate,  and  the  pressure  of  the  atmosphere  into  which 
the  air  water  mixture  is  exhausted 

Power  =  V  x  AP  =  V  x  (P]-Patm)  (19) 

The  pumping  power  needed  to  run  an  eductor  and  its  effi¬ 
ciency  can  be  determined  experimentally  by  measuring  para¬ 
meters  including  the  volumetric  flow  rate  of  the  primary  fluid  and 
the  inlet  and  the  discharge  pressures. 

Assuming  values  for  the  mechanical  efficiency  of  the  pump 
and  the  electrical  efficiency  of  the  pump  motor,  the  electrical 
power  consumed  to  create  the  suction  effect  may  be  calculated 
from  Eq.  (14). 

2.3.  Commercially  available  vacuum  pump 


The  operating  process  for  a  commercially  available  vacuum 
pump  is  shown  in  Fig.  4,  where  the  vacuum  pump  consumes 
electrical  power  in  order  to  exhaust  the  air  from  the  tank  and 
deliver  it  at  atmospheric  pressure. 

The  electrical  input  power  is  calculated  by 

Powerin  =  VI  (20) 

The  mass  flow  rate  of  the  air  can  be  calculated  using  the 
measured  volumetric  air  flow  rate  at  the  outlet  using  the  follow¬ 
ing  equation: 


V nirP(h 


(kg/s) 


(21) 


3ir  —  PT 

Isl  atm 

The  specific  energy  consumption  (SEC)  is  therefore  calculated  as 


Specific  energy  consumption  = 


power  in 


m„ 


(22) 


3.  Experimental  analysis 

3.1.  Comparison  of  the  measured  performance  of  commercial 
vacuum  pumps  with  that  of  an  ideal  vacuum  machine 

In  this  section,  attempts  are  made  to  determine  the  efficiency 
of  the  commercially  available  vacuum  machines.  In  order  to  do 


Electrical 
power  input 


Air  pumped  out  of  the  tank 


Air  pumped  out  to 

atmospheric 

pressure 


this,  the  specific  electric  power  consumed  by  the  machine  to 
achieve  a  certain  level  of  vacuum  is  compared  with  that  of  an 
ideal  vacuum  system. 

The  power  of  a  commercially  available  vacuum  pump  was 
measured  as  illustrated  in  Fig.  5.  The  inlet  pressure  of  the  air  was 
controlled  by  a  pressure  control  valve  to  assess  the  performance 
of  the  vacuum  pump  at  different  pressures.  A  vacuum  gauge  with 
uncertainty  of  + 1%  was  used  for  measuring  the  pressure  in  the 
range  of  0-100  kPa.  The  atmospheric  pressure  in  the  laboratory 
was  measured  using  a  standard  barometer.  The  absolute  pressure 
was  then  calculated  from 

P  =  Patm  P gauge  (23) 

The  current  and  voltage  were  recorded  in  order  to  determine 
input  power  for  each  stage  using  a  voltmeter  with  uncertainty  of 
+  1.5%  and  an  ammeter  with  uncertainty  of  +  2.5%.  Although  its 
influence  was  minor,  adjustments  were  made  to  take  into  account 
the  power  factor.  The  volume  flow  rate  of  the  extracted  air  was 
measured  by  using  a  TSI  4000  series  flow  meter  with  uncertainty 
of  +  2%  which  was  designed  for  a  variety  of  gas  flow  measure¬ 
ment  applications  in  the  range  of  0-300  1/min. 

The  arrangement  of  the  experiment  is  shown  in  Fig.  6.  This 
experiment  was  conducted  for  both  increasing  and  decreasing 
ranges  of  openings  of  the  pressure  regulating  valve  (fully  open  to 
fully  close)  providing  corresponding  vacuum  pressures  from  atmo¬ 
spheric  pressure  to  the  minimum  achievable  vacuum  pressure  and 
back  to  atmospheric  pressure.  For  each  operating  condition,  current 
(/),  voltage  ( V ),  pressure  at  the  inlet  and  outlet  of  the  vacuum  pump 
(Pa),  the  flow  rate  of  air  (1/min)  and  atmospheric  pressure  (Pa)  were 
recorded  for  use  in  performance  analysis. 

The  recorded  experimental  data  for  two  of  the  tests  are  shown 
in  Table  1. 


Vacuum  gauge 


Fig.  5.  Schematic  set  up  for  the  vacuum  pump. 


Pressure 


Volt  meter 


Fig.  4.  Schematic  of  a  vacuum  pump. 


Fig.  6.  Experimental  set-up  for  vacuum  pump  performance  analysis. 


A  Khaghani  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  21  (2013)  204-214 


209 


Table  1 

Experimental  data  for  commercially  available  vacuum  pump  for  two  tests. 


Test  1  (atm  to  min  vacuum  pressure)  Test  2  (min  vacuum  to  atmospheric  pressure) 


Patm  (kPa) 

Tank  (°C) 

Pfank  (kPa) 

V  (1/min) 

V  (volts) 

1  (Amps) 

Patm  (kPa) 

Tank  (°C) 

Ptank  (kPa) 

V  (1/min) 

V  (volts) 

/  (Amps) 

100 

16 

100 

22 

248.5 

1.2 

100 

17.4 

10 

0.75 

248.5 

1.2 

100 

16 

90 

18.5 

248.5 

1.2 

100 

16.9 

20 

2.45 

248.5 

1.2 

100 

16 

80 

15.7 

248.5 

1.2 

100 

16.6 

30 

4.35 

248.5 

1.2 

100 

16.2 

70 

13.5 

248.5 

1.2 

100 

16.5 

40 

6.42 

248.5 

1.2 

100 

16.2 

60 

11.03 

248.5 

1.2 

100 

16.4 

50 

8.80 

248.5 

1.2 

100 

16.3 

50 

8.74 

248.5 

1.2 

100 

16.4 

60 

11.15 

248.5 

1.2 

100 

16.5 

40 

6.3 

248.5 

1.2 

100 

16.3 

70 

13.31 

248.5 

1.2 

100 

16.8 

30 

4.25 

248.5 

1.2 

100 

16.3 

80 

15.45 

248.5 

1.2 

100 

17 

20 

2.45 

248.5 

1.2 

100 

16.1 

90 

17.68 

248.5 

1.2 

100 

17 

10 

0.68 

248.5 

1.2 

100 

16 

100 

21.6 

248.5 

1.2 

Pressure  (kPa) 


Fig.  7.  Experimental  specific  energy  consumption  for  two  tests  on  a  commercial 
vacuum  pump  as  a  function  of  supply  air. 

Specific  energy  consumption  of  the  vacuum  pump  at  each  air 
supply  pressure  was  calculated  from 

cc,r  _  electrical  power  consumed  by  the  machine 

^£'Cvacmim  machin  ~  •  v 

mair 

The  results  are  shown  in  Fig.  7. 

This  is  the  preferred  parameter  for  comparison  of  theoretical 
and  measured  data.  The  graph  in  Fig.  7  shows  close  agreement 
between  the  results  obtained  during  a  reducing  pressure  test 
(Test  1)  and  an  increasing  pressure  test  (Test  2).  It  can  be  seen 
that  the  specific  energy  consumption  for  the  vacuum  pump 
increases  as  the  inlet  pressure  is  reduced. 


3.2.  Comparison  of  performance  of  a  vacuum  pump  with  an  ideal 
vacuum  machine 

Based  on  the  manufacturer’s  data  sheets  for  the  vacuum  pump, 
which  relate  the  flow  rate  of  the  entrained  air  to  the  suction 
pressure,  theoretical  analysis  has  been  performed  by  assuming 
the  vacuum  pump  to  be  ideal.  The  theoretical  work  and  power  for 
the  isothermal  and  adiabatic  processes  are  calculated  by  using 
Eqs.  (7),  (11)  and  (10),  respectively. 

The  graphs  of  theoretical  specific  work  and  theoretical  power 
for  the  isothermal  and  adiabatic  processes  for  a  commercial 
vacuum  pump  are  shown  in  Figs.  8  and  9,  respectively,  and  these 
figures  can  be  compared  to  the  measured  values. 

By  using  Eq.  (24),  the  theoretical-specific  energy  consumption 
was  calculated  and  is  plotted  in  Fig.  8. 

It  is  evident  that  the  adiabatic  work  is  greater  than  the 
isothermal  work  and  both  increase  with  decreasing  inlet  pressure. 
This  is  because  work  in  adiabatic  vacuum  processes  is  higher  than 


Fig.  8.  Comparison  of  theoretical  specific  energy  consumption  for  isothermal  and 
adiabatic  vacuum  process. 


Fig.  9.  Comparison  of  theoretical  power  for  isothermal  and  adiabatic  vacuum 
process  of  an  ideal  vacuum  machin  with  the  capacity  of  the  vacuum  pump  under 
consideration. 

that  in  isothermal  processes.  Practical  processes  lie  somewhere 
between  the  isothermal  and  adiabatic  processes. 

It  can  be  seen  that  by  decreasing  the  pressure,  the  theoretical 
power  initially  increases  before  decreasing. 

Fig.  10  shows  the  specific  energy  consumption  from  an 
experimental  test  on  a  vacuum  pump  and  compares  it  with  the 
theoretical  analysis  for  both  adiabatic  and  isothermal  processes  as 
calculated  from  Eq.  (7). 

It  can  be  concluded  that  at  high  pressure,  the  theoretical-  and 
experimental-specific  energy  consumptions  become  closer.  How¬ 
ever,  as  the  pressure  is  decreased,  the  experimental  energy 
consumption  rises  up  dramatically,  because  of  the  reduced  mass 
flow  rate  of  air,  whereas  the  energy  consumption  of  the  vacuum 
pump  has  much  less  variation. 
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— □  —  Experimental  specific  energy  consumption  of  vacuum  pump 
-  o  -  Theoretical  specific  energy  consumption  (Adia)  of  vacuum  pump 
— & —  Theoretical  specific  energy  consumption  (Iso)  of  vacuum  pump 


Fig.  10.  Comparison  of  experimental  and  theoretical  specific  energy  consumption 
for  vacuum  pump. 


Fig.  12.  Comparison  of  experimental  and  supplied  data  for  a  commercially 
available  vacuum  pump. 


Pressure  (kPa) 

Fig.  11.  Relative  efficiency  of  a  commercial  vacuum  pump. 
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Relating  the  SEC  by  theoretical  analysis  to  that  from  experi¬ 
mental  data  as  shown  in  Fig.  10,  the  efficiency  of  the  vacuum 
pump  may  be  expressed  as 

theoretical  SEC 

hvacuumpump  =  eXpenmenta/  SEC  (25> 

Fig.  1 1  shows  the  efficiency  of  a  commercial  vacuum  pump  by 
considering  the  vacuum  process  as  an  isothermal  process  or  as  an 
adiabatic  process. 

For  a  vacuum  pump,  the  energy  consumption  is  close  to 
constant  because  of  the  characteristics  of  the  pump  motor.  An 
ideal  vacuum  machine  will  consume  very  little  energy  at  atmo¬ 
spheric  pressure  at  the  inlet  even  though  pumping  a  large  amount 
of  air.  From  Fig.  11,  it  can  be  seen  that  the  efficiency  of  the  typical 
vacuum  pump  tested  was  maximum  at  50  kPa  and  achieved  a 
value  of  5.8%. 

Fig.  12  compares  the  measured  data  with  the  data  provided  by 
a  commercial  vacuum  pump  manufacturer. 


3.3.  Comparison  of  theoretical  and  measured  results  for  a 
commercially  available  water-gas  ejector  (eductor) 

Here  the  results  from  a  series  of  tests  on  two  commercially 
available  eductors  are  presented.  The  main  purpose  of  the  tests 
was  to  determine  the  specific  energy  consumption  of  an  eductor 
at  different  suction  pressures  and  to  compare  the  results  with  the 
performance  of  a  commercially  available  vacuum  pump  as  pre¬ 
sented  in  Fig.  11.  Furthermore  the  performance  of  eductors  is 


Motive  fluid  pressure  gauge 


assessed  against  that  of  an  ideal  vacuum  machine  and  conclusions 
have  been  drawn  concerning  the  efficiency  of  an  eductor  as  a 
possible  sustainable  candidate  for  removal  of  non-condensable 
gases  from  geothermal  water. 

In  order  to  gain  better  understanding  of  eductor  design  and  to 
establish  the  influence  of  different  geometric  parameters  of  an 
eductor  on  its  efficiency,  several  performance  tests  on  available 
eductors  were  conducted. 

Testing  an  off  the  shelf  eductor  was  initially  planned  in  order 
to  validate  the  theory  of  the  base  calculations  on  which  the  rest  of 
the  project  will  be  later  built.  The  suction  ability  of  the  nozzle  was 
to  be  determined  and  a  realistic  potential  volume  of  displaced  air 
to  be  identified.  The  vacuum  ability  of  a  single  phase  ejector  was 
investigated  experimentally  in  order  to  find  out  whether  or  not  it 
would  be  sufficient  to  evacuate  and  sustain  the  low  pressure 
required. 

A  schematic  of  the  eductor  test  rig  is  shown  in  Fig.  13.  The  test 
facility  consisted  of  a  water  supply  reservoir,  a  water  pump,  a 
flow  meter,  a  pressure  regulating  valve,  a  pressure  gauge,  an 
eductor,  a  vacuum  gauge  and  an  air  tank.  The  ejector  is  water 
driven  and  in  the  converging  section,  pressure  drop  occurs.  The 
air  from  the  tank,  as  the  secondary  fluid,  is  entrained  by  the  water 
jet.  In  the  diverging  section,  the  mixture  pressure  increases  and  it 
is  vented  to  atmosphere. 

In  this  experiment,  a  20  1  tank  equipped  with  a  vacuum  gauge 
was  used.  The  550  W  water  pump  could  produce  a  head  of 
600  kPa  pressure  and  could  deliver  55  1/min  of  water.  The  flow 
rate  of  the  system  was  measured  by  a  flow  meter  with  the 
accuracy  of  0.1%.  Also,  by  using  a  bucket  and  stop  watch  method 
for  measuring  the  flow  rate  of  the  water  at  the  outlet,  the 
accuracy  of  the  flow  meter  was  assessed.  The  supply  water 
pressure  to  the  eductor  was  measured  using  a  pressure  gauge 
(0-500  kPa)  with  uncertainty  of  +  1%. 
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Table  2 

Experimental  data  for  eductor  at  two  different  motive  fluid  pressures. 


Pmf — 

300  kPa 

P  mf — 

200  kPa 

P atm 

?tank 

P tank 

Time 

V  (1/ 

^atm 

Ttank 

P tank 

Time 

V  (1/ 

(kPa) 

(°C) 

(kPa) 

(S) 

min) 

(kPa) 

(°C) 

(kPa) 

(S) 

min) 

100 

16.2 

100 

0 

0 

100 

16.5 

100 

0 

0 

100 

16.2 

91 

6.54 

0.22 

100 

16.5 

91 

5.78 

0.163 

100 

16.2 

86 

15.46 

0.22 

100 

16.5 

81 

16.57 

0.163 

100 

16.2 

81 

17.52 

0.22 

100 

16.6 

71 

32.98 

0.163 

100 

16.3 

71 

29.72 

0.22 

100 

16.6 

61 

58.63 

0.163 

100 

16.4 

66 

37.22 

0.22 

100 

16.6 

56 

74.92 

0.163 

100 

16.4 

61 

45.66 

0.22 

100 

16.6 

51 

93.34 

0.163 

100 

16.5 

56 

55.88 

0.22 

100 

16.6 

46 

114.25 

0.163 

100 

16.5 

51 

68.06 

0.22 

100 

16.6 

41 

140.33 

0.163 

100 

16.5 

46 

81.91 

0.22 

100 

16.6 

36 

170.49 

0.163 

100 

16.7 

41 

98.28 

0.22 

100 

16.7 

31 

202.25 

0.163 

100 

17 

36 

117.29 

0.22 

100 

16.7 

26 

241.12 

0.163 

100 

17 

31 

140.09 

0.22 

100 

16.7 

21 

290.15 

0.163 

100 

17 

26 

167.80 

0.22 

100 

17 

16 

369.10 

0.163 

100 

17 

21 

202.71 

0.22 

100 

17 

11 

499.57 

0.163 

100 

17 

16 

249.07 

0.22 

100 

17 

8 

1079.03 

0.163 

100 

17.3 

11 

315.84 

0.22 

100 

17.1 

6 

1800.00 

0.163 

100 

17.3 

6 

460.77 

0.22 

100 

17.5 

5 

514.27 

0.22 

100 

17.5 

4 

603.47 

0.22 

100 

17.5 

3 

703.12 

0.22 

100 

17.6 

2.5 

900 

0.22 

In  this  experiment,  two  eductors  were  used.  The  first  ejector  (here 
we  call  it  eductor  1)  was  originally  used  to  create  a  vacuum  using 
steam  as  the  primary  fluid,  but  was  driven  by  water  flow  in  the 
current  tests.  The  second  ejector  (here  we  call  it  eductor  2)  was  a 
commercially  produced  device  to  create  vacuum  using  liquid  water  as 
the  motive  fluid.  In  Fig.  14,  both  ejectors  are  shown. 

The  test  procedure  started  with  the  air  tank  pressure  equal  to 
the  atmospheric  pressure  and  at  this  stage  the  pump  was  started 
and  the  flow  of  water  through  the  eductor  caused  the  pressure  in 
the  tank  to  be  decreased.  Data  were  gathered  on  the  water  flow 
rate,  pressure  of  the  primary  fluid  as  it  entered  the  eductor 
measured  by  the  pressure  gauge,  as  well  as  tank  pressure  as 
functions  of  time.  This  process  continued  until  there  was  no 
further  reduction  in  the  tank  pressure.  At  this  stage,  the  setting  of 
the  pressure  regulating  valve  as  shown  in  Fig.  13  was  changed 
and  then  the  above  process  of  data  collection  was  repeated. 

3.4.  Test  results 

Table  2  shows  the  experimental  data  during  the  tests  on  the 
eductors  at  different  motive  fluid  pressures. 

In  Fig.  15,  test  results  for  the  two  eductors  1  and  2  for  the 
maximum  motive  fluid  pressure  are  shown.  In  this  figure,  the 
drop  of  the  tank  pressure  is  presented  as  a  function  of  time  for  the 
two  eductors  1  and  2. 


Fig.  16.  Pressure  drop  in  the  tank  using  eductor  2  for  different  primary  fluid 
pressures. 

It  can  be  seen  that  eductor  1  which  was  originally  designed 
and  limited  to  use  steam  as  its  primary  fluid  cannot  reduce  the 
tank  pressure  to  the  required  low  level.  In  this  case,  the  eductor 
has  been  able  to  reduce  the  pressure  of  the  tank  to  only  27  kPa. 
However,  eductor  2  which  was  originally  been  used  to  use  water 
as  primary  fluid  has  achieved  very  low  pressure  (almost  2  kPa)  in 
the  tank  in  less  time. 

Test  results  are  shown  in  Fig.  16  for  eductor  2  for  different 
primary  fluid  pressures.  In  this  figure,  the  drop  of  the  tank 
pressure  is  shown  as  a  function  of  time. 


3.4.1.  Estimating  the  specific  energy  consumption  of  the  eductors 
Energy  is  required  to  produce  the  suction  effect  of  an  eductor 
and  the  amount  of  energy  consumed  for  unit  of  mass  of  air  will  be 
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a  good  measure  of  viability  of  the  proposed  system  for  degassing 
geothermal  water.  In  order  to  calculate  the  specific  energy 
consumption  of  this  device  for  various  motive  fluid  pressures 
and  different  ambient  pressures,  it  is  necessary  to  know  the  mass 
flow  rate  of  air  (mair).  However,  direct  measurement  of  mass  flow 
rate  of  air  was  very  difficult,  so  an  indirect  method  to  estimate  the 
mass  flow  rate  of  air  out  of  the  tank  was  used.  Following  are  the 
equations  used  for  indirect  estimation  of  mass  flow  rate. 

For  an  ideal  gas,  we  have 

Atari  fc^tan  k  —  Ultan  fcki  ran  k  (26) 


From  Eq.  (26) 


RTt; 


(27) 


By  differentiating  Eq.  (27) 

^Ultan  k  l^ran  k  dPfan  k  I '} ° ) 

The  mass  flow  rate  of  air  (m*air)  out  of  the  air  tank  and  into  the 
eductor  is  related  to  mtank  and  time  as  follows: 


dm,: 


dt 


(29) 


By  combining  Eqs.  (28)  and  (29) 


^ran  k  dPcan  i: 
RTtan  k  dt 


(30) 


Using  Eq.  (30),  knowing  the  volume  of  the  tank,  the  tank 
temperature  and  using  data  available  from  Fig.  16  the  mass  flow 
rate  of  the  air  ( mair )  can  be  estimated.  Evidently  dPtank/dt  is  not 
readily  available  from  Fig.  16  and  it  must  be  approximated  by 
using  the  data  in  Fig.  16.  However,  considering  the  exponential 
decay  of  the  pressure  in  the  air  tank,  it  was  thought  better  to 
perform  curve  fitting  using  an  exponential  function  and  using  the 
resulting  equations  to  approximate  the  variation  of  tank  pressure 
with  time. 

Considering  the  data  in  Fig.  16,  it  has  been  concluded  that  the 
variation  of  Ptank  with  time  is  best  presented  by  the  following 
function: 


Ptank=m  =  Pf+{Po-Pf)e-Xt  (31) 

In  Eq.  (31 ),  P/ is  the  lowest  pressure  achieved  in  the  tank  and  PG 
is  the  initial  tank  pressure  which  is  same  as  atmospheric  pressure. 
Also,  a  is  a  parameter  which  needs  to  be  determined. 

Therefore,  to  find  the  best  corresponding  curve,  a  must  be 
found  by  minimising  the  value  of  parameter  D  defined  below 

D  =  £[/(«- A,]2  =  [P/  +  (A„-P/)e-*t-Pi]2  (32) 

i  =  1  i  =  1 

By  minimising  the  value  of  Eq.  (32),  a  can  be  calculated  for 
different  pressures  of  motive  fluid.  This  was  done  by  varying  a, 
examining  the  values  of  D  and  looking  for  its  minimum. 

The  results  of  the  curve  fitting  exercise  are  shown  in  Fig.  17, 
where  the  actual  data  and  the  curves  of  best  fit  are  presented  for 
three  different  upstream  pressures  of  the  eductor. 

Fig.  17  indicates  reasonable  agreement  between  the  curves 
obtained  from  the  derived  equation  for  pressure  drop  for  different 
motive  fluid  pressures  and  those  from  the  actual  data. 

The  value  of  dPtank/dt  can  be  calculated  by  taking  the  deriva¬ 
tive  of  Eq.  (31)  as  below 

dPdt  k  =  P/0!e~'*C  (33) 

From  Eq.  (33),  the  value  of  dPtank/dt  is  calculated  for  each 
motive  fluid  pressure  at  any  time  using  the  corresponding  value 
of  a.  Mass  flow  rate  of  the  air  (mair)  is  calculated  using  Eq.  (30). 


time  (s) 


Fig.  17.  Fitting  curves  for  pressure  drop  in  second  ejector  in  different  motive  fluid 
pressures. 


Fig.  18.  Experimental  and  theoretical  specific  energy  consumption  for  eductor  in 
different  motive  fluid  pressures. 


The  specific  energy  consumption  of  the  eductor  (SECeductor)  is 
calculated  from  Eqs.  (14)  and  (22). 

In  Fig.  18,  the  SECeductor  is  shown  for  three  different  motive 
fluid  pressures.  On  the  same  figure,  the  SEC  of  an  ideal  vacuum 
machine  is  also  shown. 

As  it  can  be  seen  from  Fig.  18,  when  the  pressure  of  the  tank 
decreases  the  specific  energy  consumption  increases  noticeably 
for  eductors.  In  addition,  decrease  in  motive  fluid  pressure  has  a 
direct  effect  of  increasing  the  specific  energy  consumption  of  the 
eductor.  It  can  also  be  seen  that  at  high  tank  pressure  and  lower 
vacuum  levels,  the  theoretical-specific  energy  consumption  is 
close  to  experimental  results  for  the  eductor.  However,  as  the 
pressure  of  the  tank  is  reduced,  the  discrepancy  increases.  This  is 
because  of  the  small  amount  of  the  air  which  remains  in  the  tank 
at  low  pressure. 

The  efficiency  of  the  eductor  at  any  point  can  be  calculated 
using  Eq.  (13).  Fig.  19  shows  the  efficiency  curves  of  the  second 
eductor  estimated  using  experimental  results  combined  with  Eq. 
(15).  In  Eq.  (18),  the  pumping  power  is  estimated  using  the 
measured  mass  flow  rate  of  water  and  the  pressure  drop  across 
the  eductor  and  considering  an  overall  efficiency  of  0.5  for 
water  pump. 
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-e-Pmf  =  300kPa 
^Pmf  =  200kPa 
-T^Pmf  =  lOOkpa 


Based  on  performance  data  provided  by  eductor  manufacturer 


Fig.  21.  Comparison  of  efficiencies  for  the  commercial  vacuum  pump  and  the 
eductor  for  different  motive  fluid  pressures. 


- SEC  of  vacuum  pump 

—  -  ■  SEC  of  eductor,  Pmf  =  30()kPa 

- SEC  of  eductor,  Pmf  =  200kPa 

.  SEC  of  eductor,  Pmf  =  lOOkPa 


Fig.  20.  Comparison  of  specific  energy  consumption  for  eductor  performing  in 
different  motive  fluid  pressures  and  the  commercial  vacuum  pump. 


It  can  be  deduced  from  Fig.  19  that  the  eductor  has  a 
maximum  efficiency  at  a  particular  motive  fluid  pressure 
which  in  this  case  is  200  kPa.  In  the  same  figure,  the  efficiency 
of  the  eductor  is  presented  using  the  data  available  from  the 
manufacturer. 


3.5.  Comparison  of  performance  of  the  vacuum  pump  and  the 
eductor 

In  order  to  make  sensible  comparison  of  the  performances  of 
the  vacuum  pump  and  eductor,  Fig.  20  shows  the  specific  energy 
consumption  of  the  vacuum  pump  and  eductor  at  three  different 
motive  fluid  pressures. 

In  addition  the  efficiency  curves  of  the  vacuum  pump  and  the 
second  eductor  are  shown  in  Fig.  21  using  experimental  results 
and  Eq.  (15).  The  error  analysis  show  1.03%  uncertainty  for  the 
efficiency  of  the  vacuum  pump  and  1.65%  uncertainty  for  the 
efficiency  of  the  eductor.  It  can  also  be  seen  that  at  pressures 
below  20  kPa  (abs)  the  ejector  has  higher  efficiency  then  a 
commercially  available  mechanical  vacuum  pump. 


4.  Discussion  of  results 

Theoretical  and  experimental  results  for  SEC  show  close 
agreement  at  high  tank  pressure  for  both  vacuum  pump  and 
eductor.  However,  at  low  pressure  the  disparity  between  the 
theoretical  and  experimental  results  increases.  This  is  attributed 
to  the  smaller  amount  of  air  left  in  the  tank  as  the  tank  pressure 
decreases  while  the  vacuum  ability  of  these  devices  remains 
constant  during  the  whole  process.  Therefore,  for  the  geothermal 
applications  in  which  running  water  is  available!  1],  eductors  can 
be  installed  to  remove  non-condensable  gases.  This  will  have  a 
significant  effect  on  reducing  the  parasitic  losses  by  removing  the 
need  for  a  vacuum  pump. 

Experimental  results  on  a  commercially  available  vacuum 
pump  indicate  that  the  maximum  efficiency  of  5.8%  is  achievable 
at  approximately  50  kPa  tank  pressure.  Below  this  pressure,  the 
performance  of  the  vacuum  pump  decreases. 

It  can  also  be  seen  from  experimental  results  on  available 
eductors  that  using  the  proper  design  for  eductors  through  choice 
of  motive  fluid  and  geometry  can  have  a  significant  improvement 
on  their  performance.  As  the  experiments  indicate  by  using  the 
eductor  which  was  mainly  designed  for  using  liquid  (water)  as 
motive  fluid,  lower  absolute  pressure  in  the  tank  was  achieved 
compared  to  that  achieved  by  an  eductor  which  was  designed 
originally  for  using  steam  as  a  motive  fluid.  Additionally,  there 
will  be  an  optimum  motive  fluid  pressure  for  a  particular  eductor 
to  get  the  best  efficiency.  For  example,  the  examined  water-gas 
eductor  had  a  best  performance  at  motive  fluid  pressure  of 
200  kPa.  In  this  case,  the  maximum  efficiency  of  4.4%  was 
achieved  for  a  30  kPa  tank  vacuum  pressure  whereas  with  the 
same  eductor  performing  at  300  kpa  motive  fluid  pressure,  the 
highest  efficiency  of  3.1%  was  achieved  for  a  tank  vacuum 
pressure  of  25  kPa.  The  eductor  was  only  1.9%  efficient  when  it 
performed  at  motive  fluid  pressure  of  100  kPa  at  almost  65  kPa  air 
pressure. 

Considering  the  optimum  condition  for  the  performance  of  the 
eductor,  it  can  be  concluded  that  the  eductor  is  less  efficient  than 
the  commercially  available  vacuum  pump  at  high  pressures. 


5.  Conclusion  and  future  work 

Considering  the  theoretical  and  experimental  results,  it  can  be 
concluded  that  two  phase  eductors  can  be  utilised  to  remove 
NCGs  from  geothermal  waters  as  a  sustainable  technology. 
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However,  they  are  less  efficient  than  the  commercial  vacuum 
pump  at  higher  pressures,  but  have  shown  better  performance 
than  vacuum  pumps  at  low  pressures. 

Therefore,  the  water-gas  eductor  is  suitable  for  removing 
NCGs  where  a  continuous  water  flow  is  available  and  the  vacuum 
to  be  maintained  is  low.  In  addition,  there  is  the  simplicity  of  the 
eductor  design  with  no  moving  parts,  rugged  construction, 
large  volume  capability,  maintenance  free  operation,  low  cost 
and  long  life. 

As  the  efficiency  of  the  available  methods  for  removing  non¬ 
condensable  gases  from  geothermal  water  is  not  very  high, 
further  research  and  work  is  needed  to  make  them  more  efficient. 
Furthermore,  for  future  work  the  efficiency  of  the  water-gas 
ejector  can  be  increased  since  there  is  large  potential  for  improv¬ 
ing  the  performance  of  the  two  phase  ejector  compared  to  that  of 
a  vacuum  pump  by  making  changes  to  the  geometry  of  the  ejector 
and  optimising  the  design. 
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